We report on the first experimental demonstration of higher-order Laguerre-Gauss (LG p ) mode generation and interferometry using a method scalable to the requirements of gravitational wave (GW) detection. GW detectors which use higher-order LG p modes will be less susceptible to mirror thermal noise, which is expected to limit the sensitivity of all currently planned terrestrial detectors. We used a diffractive optic and a mode-cleaner cavity to convert a fundamental LG 0 0 Gaussian beam into an LG 3 3 mode with a purity of 98%. The ratio between the power of the LG 0 0 mode of our laser and the power of the LG 3 3 transmitted by the cavity was 36%. By measuring the transmission of our setup using the LG 0 0 , we inferred that the conversion efficiency specific to the LG 2 Hz). This noise arises from fluctuations of mirror surfaces under the random motion of particles in coatings and substrates [6, 7] .
We report on the first experimental demonstration of higher-order Laguerre-Gauss (LG p ) mode generation and interferometry using a method scalable to the requirements of gravitational wave (GW) detection. GW detectors which use higher-order LG p modes will be less susceptible to mirror thermal noise, which is expected to limit the sensitivity of all currently planned terrestrial detectors. We used a diffractive optic and a mode-cleaner cavity to convert a fundamental LG 0 0 Gaussian beam into an LG Gravitational waves (GWs) are ripples in the metric of spacetime that propagate at the speed of light and can act as carriers of astrophysical information. GWs emitted by nearby strongly gravitating systems (such as black hole or neutron star binaries) are expected to be detectable on Earth. The currently operating groundbased GW detectors such as Virgo [1] and LIGO [2] are Michelson-based interferometers with Fabry-Perot cavities in the arms. These first generation detectors approximately reached their design sensitivities and completed several observational runs, but no detections have been reported so far.
Planned upgrades to these GW detectors should significantly increase their sensitivity. The upgraded detectors (Advanced Virgo [3] and Advanced LIGO [4] ), as well as future GW detectors such as the Einstein Telescope [5] , will be limited by mirror thermal noise in the central region of the detection band (around 10 2 Hz). This noise arises from fluctuations of mirror surfaces under the random motion of particles in coatings and substrates [6, 7] .
One option to decrease this noise is to resonate higherorder Laguerre-Gauss (LG p ) modes [8, 9] in the detector arm cavities, rather than the currently used LG 0 0 fundamental Gaussian mode.
LG p modes are a complete set of solutions to the paraxial wave equation, and their complex amplitude is given by [8, 9] 
where p and are the radial and the azimuthal indices respectively, w(z) is the beam radius and R(z) is the phase front curvature, Φ G = arctan(zλ/πw 2 0 ) is the Gouy phase, w 0 = w(z = 0) is the beam waist, and L p (x) is the Laguerre generalized polynomial.
LG p beams with = 0 have p + 1 radial nodes and spiral phase fronts, carrying orbital angular momentum of per photon [10] .
For the same mirror diameter and for equivalent diffraction losses and integrated power P , higher-order LG p beams have a multi-ringed power distribution which is wider than the distribution of the LG 0 0 mode. Because of this wider intensity distribution, higher-order LG p beams can average the thermal noise fluctuations over a bigger portion of the mirror surface, thus decreasing the impact of thermal noise [11] . Mesa (flat-top) beams have also been investigated [12] and generated in a prototype cavity [13] . Nevertheless, although mesa beams and other beam profiles may provide more noise reduction [14, 15] , higher-order LG p modes are attractive because they resonate in a cavity composed of spherical mirrors, a well established technology.
It has been analytically demonstrated [11, 15] that the thermal noise of the mirrors can be reduced by a factor which depends on the spatial order N = 2p + of the LG p mode resonant in the interferometer: higher N values lead to larger beams and lower thermal noise. For example, the thermal noise level could be decreased by nearly a factor of 2 by using an LG surface. The resulting aberrations in the beam wavefront cause a loss of detector sensitivity. Thermal effects related to higher-order LG p beams should be in general lower than those given by the Gaussian intensity pattern of the LG 0 0 [15] . To be used in GW detectors, higher-order LG p beams must be generated with very high purity and stability. The mode purity is crucial for having far-field propagation in kilometer-scale interferometers with no degradation of the propagating beam shape, and for optimal coupling of the mode to the Fabry-Perot cavities of the detector. Moreover, since high-power laser beams of hundreds of Watts will be used, higher-order LG p modes must be generated with high efficiency and low losses.
Although higher-order LG p modes have been used for quantum optics experiments [16] and optical tweezers [17] , to our knowledge the only application proposed in high-precision optical interferometry is GW detection. A tabletop experiment demonstration of this technique is then needed before its implementation on kilometric scale detectors. Preliminary investigations of LG p interferometry have been reported in [18] . In this Letter we report on the first demonstration of high-purity LG 3 3 mode generation and interferometry which uses a technique compatible with future GW interferometers.
Many techniques are presently available to generate a higher-order LG p mode from a laser emitting an LG 0 0 beam. Cylindrical mode converters [19] can transform higher-order Hermite-Gauss beams [9] into higher-order LG p beams, using astigmatic lenses; spiral phase plates [20] are optics whose varying thickness induce the typical LG p spiralling phase pattern into the input beam; diffractive optics, which include computer generated holograms [21] , spatial light modulators [22] and etched-glass diffractive optics [23] can modulate the amplitude and the phase of the incoming beam to obtain a higher-order LG p mode.
Glass-made diffractive optical elements (DOEs) in particular seem to be the simplest and most suitable solution for interferometric GW detectors. A DOE is an etched waveplate that acts as general wavefront transformer, allowing the direct conversion of a fundamental LG 0 0 mode into a higher-order LG p beam (for a more detailed description of the working principle see for example [23] ). Moreover, glass-made DOEs are stable passive optics which can handle the high power that will be necessary for future detectors.
We used a commercial 1064 nm Nd:YAG NPRO laser and a fused silica DOE designed by SILIOS Technologies [24] for the generation of an LG 3 3 beam. This DOE has 2400×2400 pixels, each one measuring 5.9 µm, and 16 levels of phase are etched on its surface. Its phase pattern is obtained by starting from the theoretical phase of an LG 3 3 mode, and then optimizing this phase to improve the shape of the generated mode. A blazed grating pattern is superimposed to this phase pattern to remove the unmodulated components of the output beam and increase the generated beam quality. The etched pattern of this DOE, measuring about 15 mm in diameter, is shown on Fig.1 . The radius of the LG 0 0 beam impinging on the DOE is 2.15 mm. The measured transmitted power on the diffraction order of interest is more than 80%. The application of an anti-reflective coating should increase this value.
We estimate the purity of our DOE-generated LG 3 3 mode by using a 2-dimensional amplitude overlap integral γ, calculated as the scalar product between the measured and the theoretical distributions, indicated as LG 
where LG 3 3 | theory is given by the modulus of Eq. (1) for a given beam size w(z) and a given distance z 0 from waist. Since in Eq. (2) the phase of the two modes is neglected, this definition should be considered as an upper-limit estimation of the purity of LG 3 3 | measure . For our DOE-generated LG 3 3 beam, shown in Fig.2 , we have γ = 88%. This value of purity can be partly explained by the intrinsic conversion efficiency of the DOE, which can be further improved by optimizing the DOE design, and also by our slightly astigmatic LG L, i. e. the power which is not converted into the LG 3 3 mode, defined as L = 1 − γ 2 = 23%.
In order to increase the generated mode purity, DOEgenerated modes must be spatially filtered: this is achievable by using a mode-cleaning filter cavity [25] . To test the performance of this spatial filtering technique, we assembled a tabletop setup for the injection of the generated LG 3 3 mode into a linear mode-cleaner cavity. A schematic of the experimental setup is shown in Fig.  3 . The LG 0 0 beam from the laser is passed through an electro-optic modulator for the generation of radiofrequency sidebands and then goes through the DOE. The generated LG 3 3 mode is then sent to the modecleaner, which is a 30 cm long plano/concave monolithic cavity with a finesse of 100. At the LG 3 3 resonance, the frequency of the laser is locked to the mode-cleaner length using a standard Pound Drever-Hall locking scheme [26] .
All the optics of the setup are first aligned using the fundamental LG 0 0 mode of the laser, which can propagate on a pick-off path without going through the DOE. In our setup either the LG is tuned using the beam reflected from the cavity, monitored by a dedicated CCD camera.
We have been able to lock the laser on the LG 3 3 resonance for several hours, and for the whole measurement time the DOE has shown a very stable behaviour. We could monitor the beam transmitted by the mode-cleaner using a CCD camera and a photodiode. At the LG 3 3 resonance, we measured the beam power P in going into the mode-cleaner and the transmitted power P out coming out from the cavity: the resulting transmission is P out /P in = 58%. The cavity throughput τ = 90% has been measured separately by injecting the LG 0 0 mode. The filtered LG This mode is compared with the corresponding expected analytical intensity distribution, calculated by propagating the ideal cavity mode over z 0 , which yields the field shown in the right panel of Fig.4 . The purity computed with the overlap integral for the two distributions of Fig.4 has increased up to γ = 98%, and the coupling losses have decreased to L = 4%.
The cross sections of the intensity patterns shown in Fig.4 are compared in Fig.5 (where the speckle effect on the measured profiles is due to the camera we used for the acquisition). The main difference between the cross sections is the presence of some power left at the radial nodes, but these details will likely be improved by increasing the finesse of the mode-cleaner cavity. Apart from that, the observed pattern presents an overall correspondence with the expected profile, and this also indicates that the divergence of the filtered LG where (P 00 ) T = τ ηP P O is the LG 0 0 power transmitted by our setup through the mode-cleaner and γ 2 = 96% is the transmitted LG 3 3 mode content. Of the 51% power lost in the conversion, about 20% is lost at the DOE, going in scattered light (due to the absence of the anti-reflective coating) and in higher diffraction orders. The rest of the power is reflected by the cavity when it is locked on the LG beam is injected into a Michelson interferometer, whose arms are 15 cm long. A piezoelectric actuator, glued on one of the two arm mirrors, provides the actuation for locking the interferometer on the dark fringe working point. At the anti-symmetric port of the interferometer, a photodiode detects the interference signal coming from the beamsplitter, and this signal is used in a servo for the locking control. By manually tuning optics alignment we obtained a fringe visibility of 97%.
In summary, we developed a technique to generate a high-purity LG 3 3 beam which should be scalable to the power required in future interferometric GW detectors. The generated LG 3 3 mode has a purity of 98%, and the power of the LG 3 3 mode transmitted by the mode-cleaner is 36% of that delivered by our laser on the LG 0 0 mode. We infer that the conversion efficiency specific to the LG 3 3 mode is 49%. Any quantum noise increase due to the reduction of available power could be compensated by either a more powerful laser and/or the injection of squeezed light [27] into the output port. However, further improvements of the setup are ongoing in order to increase both the conversion efficiency and the purity of the filtered LG 3 3 mode. The aligment and lock of the mode-cleaner cavity and of the Michelson interferometer demonstrate experimentally the feasibility of higher-order LG p mode interferometry, which is of particular interest for GW detection. Our interferometer will be upgraded soon to a powerrecycled Michelson with Fabry-Perot arm cavities, aiming to test more quantitatively the main issues of a full GW detector configuration. These include the validation of a sensing scheme for longitudinal and angular control and the characterization of the sensitivity of the LG 3 3 mode to mirror misalignments. Moreover, the influence of degeneracy of LG p modes of the same order N = 2p+ [11] (not present for the LG 0 0 mode) on the optical performances of the interferometer has to be assessed.
